In recent years, ceria-based composites (CBCs) 
Introduction
Solid oxide fuel cell ͑SOFC͒ is one of the most perspective power-generation devices because of its high energy conversion efficiency, fuel flexibility, and reduced pollution ͓1͔. However, the current SOFC technology still cannot meet the demands of commercial applications due to temperature constraint and high cost ͓2͔. To develop a marketable SOFC, reduction in the operating temperature has become a tendency. A key issue to develop lowtemperature SOFC ͑LTSOFC͒ is the use of a highly ionic conducting electrolyte. Recently, ceria-based composites ͑CBCs͒ consisting of a doped ceria host phase and a second phase have been developed as electrolytes for LTSOFC ͓3-6͔. These materials are found to be oxide ion/proton co-ionic conductors with a conductivity of 0.1 S cm −1 at temperatures below 600°C. It is claimed that the oxide ion is conducted in the doped ceria phase via oxygen vacancy introduced by the dopant and interface effect, while the proton is conducted through the second phase. Therefore, the CBC electrolyte fuel cell is distinct from any other types of fuel cells.
Transport phenomena in single-phase mixed ion-electronic conductors have been studied intensively, and several models have been proposed ͓7-9͔, but the transport property of co-ionic conducting CBC electrolytes has never been studied. In this paper, a numerical model involving two mobile ionic species ͑oxide ion and proton͒ and one electronic carrier ͑electron͒ is developed to describe the co-ionic conducting CBC electrolyte fuel cell. The analysis is based on the defect chemistry of doped ceria, and a set of governing equations is obtained to calculate the open circuit voltage, current densities, power densities, efficiency, and average ionic transference number of the CBC and the doped ceria electrolyte fuel cells under various operating conditions.
Theoretical Model
A scheme of a one dimensional configuration for a fuel cell with a co-ionic conducting CBC electrolyte and its equivalent circuit are shown in Fig. 1 . It is assumed that the fuel cell is operated under steady-state conditions and the electrodes are nonblocking and reversible.
In this study, samaria doped ceria ͑SDC͒ is considered as the host phase in the CBC electrolyte. SDC is a predominantly oxygen ion conductor in oxidizing atmospheres due to oxygen vacancies introduced by doping with a Sm 3+ ion. The introduction of double positive charge oxygen vacancy ͑V O •• ͒ can be expressed using Kröger-Vink notations,
where Sm Ce Ј denotes a Sm 3+ ion in the lattice cerium site and O O is an O 2− in the lattice oxygen site. The oxygen vacancy concentration in SDC is given by the dopant concentration, while in the CBC electrolyte it can be further improved by an interface effect. The oxide ion conductivity is described by
where q is the elementary charge and v is the mobility of the oxygen vacancy. At low oxygen partial pressures, SDC is partially reduced and developed n-type electronic conductivity according to
The mass action law for this reaction, in equilibrium, is
The electronic conductivity is given by
where e is the mobility of the electron, K R ͑T͒ is the equilibrium constant of Eq. ͑3͒, and e ͑0͒ is a constant. Since at low temperature the concentration of additional oxygen vacancies by partial reduction is far smaller than the one introduced by doping and the possible interface effect, the oxygen vacancy concentration and corresponding oxygen vacancy conductivity ͑oxide ion conductivity͒ can be assumed to be constant at a given temperature in this regime.
The proton is assumed to be conducted through the second phase, and the proton concentration is determined by the second phase and the interaction between the two phases. At a given temperature, the conductivities of oxide ion and proton can remain constant and have a fixed ratio.
According to Riess's theory ͓10͔, the current densities of the three charge carriers can be described as 
By integrating Eq. ͑11͒ and combining with Eqs. ͑5͒ and ͑9͒, we get the following equation:
where P O 2 x is the oxygen partial pressure at position x. When x = 0, we can get
͑15͒
where e 0 and e L denote the electronic conductivities at the positions x = 0 and x = L.
The integration of Eq. ͑12͒, combined with Eqs. ͑9͒ and ͑10͒, yields
The integration of Eq. ͑6͒ gives
The integration of Eq. ͑8͒ gives
Considering the chemical reaction
where K is the equilibrium constant of the above reaction and P H 2 O is the water partial pressure. Hence, 
The total current density j can be expressed as
By combining Eqs. ͑15͒, ͑17͒, ͑18͒, and ͑23͒ to eliminate j O 2−, j e , and j H +, we get
͑25͒
Under open circuit condition,
Thus, 
͑27͒
According to Eq. ͑27͒, the V oc of fuel cells in the following conditions can be discussed:
͑a͒ For the fuel cell with a pure oxide ion conductor, e.g., yttria stabilized zirconia ͑YSZ͒, H + = 0 and e 0 = e L =0; then
͑b͒ For the fuel cell with a pure proton conductor, e.g., CsH 2 PO 4 ͓11͔, O 2− = 0 and e 0 = e L = 0; then
͑c͒ For the fuel cell with a mixed oxide ion/electron conductor, e.g., doped ceria, H + = 0; then
͑d͒ For the fuel cell with a hybrid oxide ion/proton conductor, e.g., samaria doped barium cerate ͑BCS͒, in which both oxide ion and proton transport through the defect structure of the perovskite lattice ͓12͔, e 0 = e L = 0; then
The power density of the cell with a co-ionic conducting CBC electrolyte P is expressed as
The efficiency is defined as
The average ionic transference number t i is defined as
The relevant electrolyte parameters are listed in Table 1 . The data on the conductivities of the SDC electrolyte are from Ref.
͓13͔, and those of the CBC electrolyte are estimated according to our fuel cell measurement. The thermodynamic parameters and the standard electromotive force at 500-600°C are summarized in Table 2 . For this model analysis, humidified hydrogen and humidified air are used as fuel and oxidant, respectively. The pressure of air is assumed to be 1 atm, so the oxygen partial pressure is 0.21 atm. In the numerical procedures, V th,O and V th,H are firstly calculated according to the given partial pressures of all participating gas species and the thermodynamic data from Table 2 . Then, the open circuit voltage of the fuel cell is obtained by solving Eq. ͑27͒ using an iterative program with the MATLAB code. Other parts of the calculation are calculated directly using corresponding equations.
Results and Discussion
Gas Partial Pressure Effect on Open Circuit Voltage. Figure  2 shows the effect of the water partial pressure at the anode on the open circuit voltage at 500-600°C. With the increase in log P H 2 O 0 , the open circuit voltage for a CBC electrolyte fuel cell declines linearly, while that for a SDC electrolyte fuel cell decreases slowly. The behavior of the CBC electrolyte fuel cell indicates that the CBC electrolyte acts as a pure oxide ion conductor in the condition. To a mixed conducting SDC electrolyte fuel cell, the electronic conduction can be suppressed by increasing P H 2 O 0 , but such operation also brings more system complexity. The co-ionic conducting CBC electrolyte fuel cell can be operated at lower P H 2 O 0 . Thus it is superior to the SDC electrolyte fuel cell in a practical operation.
As shown in Fig. 3 , the water partial pressure at the cathode has "b… The effect of the water partial pressure at the anode on the current densities of various charge carriers and the power density for the SDC electrolyte fuel cell at 500-600°C.
no effect on the open circuit voltage of a SDC electrolyte fuel cell, but for the CBC electrolyte fuel cell the open circuit voltage drops linearly with the increase in log P H 2 O L . It indicates that a CBC electrolyte behaves as a pure proton conductor in this condition. A practical operation must consider this effect for a CBC electrolyte fuel cell by optimizing the design of the flow channel at the cathode. Figure 4 shows the variation of the open circuit voltages with hydrogen partial pressure at the anode. With the increase in log P H 2 0 , the open circuit voltage for a CBC electrolyte fuel cell increases linearly, while that for a SDC electrolyte fuel cell increases slowly due to the enhanced electronic conductivity. This indicates that the operation of increasing P H 2 0 will benefit more to the CBC electrolyte fuel cell. From above, it is evident that the gas partial pressures of different gases have different effects on the open circuit voltages for different fuel cells. The behavior of the CBC electrolyte is similar to that of a pure ionic conductor, which is distinct from that of the SDC electrolyte.
Gas Partial Pressure Effect on Current Density and Power
Density. Under typical operating conditions ͑V =1/ 2V th ͒, the current and power densities for both the CBC and SDC electrolyte fuel cells with the same thickness of electrolyte change with P H 2 O 0 , P H 2 O L , and P H 2 0 at 500-600°C are investigated, and the results are shown in Figs. 5-7. According to Fig. 5͑a͒ , the higher the temperature, the higher the current density of the oxide ion, and the power density for the CBC electrolyte fuel cell decreases with the increase in log P H 2 O 0 , which is opposite to the change in the current density of proton. For the SDC electrolyte fuel cell, P H 2 O 0 has a similar effect on the current density of the oxide ion and the power density shown in Fig. 5͑b͒ . As to both fuel cells, the current density of the electron can be neglected under such condition, and the current density of the oxide ion for the CBC electrolyte fuel cell is much higher than that for the SDC electrolyte.
As shown in Figs. 6͑a͒ and 6͑b͒, P H 2 O L has no effect on the current and power densities for the SDC electrolyte fuel cell, while those for the CBC electrolyte fuel cell will be changed slightly due to proton conduction. For the CBC electrolyte fuel cell, the higher the temperature, the higher the current density of proton, and the power density decreases with increasing log P H 2 O L , but it is the reverse for the current density of the oxide ion. From Figs. 7͑a͒ and 7͑b͒ , it is obvious that the higher the temperature, the higher the current density, and the power density increases with increasing log P H 2 0 . However, the current density of the oxide ion for the CBC electrolyte fuel cell increases more than that for the SDC electrolyte fuel cell, and the current density of "b… The effect of the the water partial pressure at the cathode on the current densities of various charge carriers and the power density for the SDC electrolyte fuel cell at 500-600°C. the electron for the former increases less than that for the latter, indicating that the increase in P H 2 0 benefits more the CBC electrolyte fuel cell. From the discussion above, the gas partial pressures of different gases have similar effects on the current density of the oxide ion and electron, as well as the power density for both fuel cells. However, the power density for the CBC electrolyte fuel cell is much higher than that for the SDC electrolyte fuel cell due to the enhanced current density of the oxide ion and certain proton current density.
Gas Partial Pressure Effect on Fuel Cell Efficiency and Average Ionic Transference Number. The variations in the efficiencies and average ionic transference numbers for the CBC electrolyte fuel cell at V =1/ 2V th and the SDC electrolyte fuel cell at V =1/ 2V th,O with gas partial pressure are shown in Figs. 8-10. As to a solid electrolyte ͑pure ionic conductor͒ fuel cell, the efficiency is 50% at V = V th / 2 ͓14͔. However in the presence of electronic conductivity, the efficiency will be lower than this value, resulting from the internal short circuit. Moreover, the lower the electronic conductivity, the closer the average ionic transference number is to unity. As shown in Figs. 8͑a͒ and 8͑b͒ , the average ionic transference number increases with log P H 2 O 0 for both the CBC and the SDC electrolytes, but the former is much higher than the latter. This is due to the fact that the electronic conductivity is suppressed by the increase in log P H 2 O 0 . On the other hand, the electronic conductivity is dependent on the temperature, which changes the degree of the average ionic transference number, increasing with log P Figures 10͑a͒ and 10͑b͒ reveal that P H 2 0 has a different effect on the efficiency for the CBC and SDC electrolyte fuel cells. For the SDC electrolyte fuel cell, the efficiency decreases with log P H 2 0 , and the higher the temperature is, the more obvious this tendency is. However, the efficiency for the CBC electrolyte fuel cell increases with log P H 2 0 , especially at lower temperatures. It indicates 011012-6 / Vol. 7, FEBRUARY 2010 Transactions of the ASME that the operation of increasing P H 2 0 benefits more the CBC electrolyte fuel cell, although the average ionic transference number will slightly decrease. From the discussion above, the efficiency and the average ionic transference number dependence on the gas partial pressure of different gases are different for the CBC and SDC electrolyte fuel cells, and it is necessary to consider the practical conditions for different fuel cells.
Conclusions
A simple model involving oxide ion, proton, and electron has been developed to describe the novel fuel cell with a co-ionic conducting CBC electrolyte. has a slight effect on the electrical properties for the CBC electrolyte fuel cell, but it does not change those for the SDC electrolyte fuel cell. Under the same operating conditions, the CBC electrolyte is superior to the SDC electrolyte, indicating that the co-ionic conducting CBC electrolyte fuel cell is more promising for a low-temperature operation. 
